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PREFACE

This Final Report contains the results of work performed during the
period of 1 June 1973 to 31 October 1975 under Phase B of Contract
NAS8-27809. The achievements are derived from a cooperative research
effort between the Space Sciences Laboratory of NASA/Marshall Space Flight
Center and The University of Alabama in Huntsville using the MSFC drop .
tover and the facilities of the Space Sciences Laboratory.

The investigation deals with the electrical and metallurgical prop-
erties of immiscible alloys solidified during free-fall conditioms.
Although the low-gravity duration in this installation is limited to
four seconds, meaningful solidification experiments with immiscible alloys
can be performed. This report also deals with two Skylab Science Demon-
strations: TV-102 "Immiscible Liquids"™ and TV-111 "Ice Melting.'" These
experiments were not part of the original contract but provided an oppor-
tunity to study longer term low-gravity effects.

Results of work performed during the period of 1 July 1971 to
31 May 1973 are preseuted in the UAH Interim Research Report No. 174,

entitled "Superconducting Compounds and Alloys Research."
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OBJECTIVES

The objectives of this contract were (1) to demonstrate that the
available free fall time of up to 4 seconds in the M FC drop tower is
sufficient to conduct solidification experiments with immiscible alloys,
(2) to show the influence of zero-gravity solidification on the metallurgi-
cal microstructure, (3) to evaluate some physical properties of such alloys
in regard to their microstructure, and (4) to show that there is a gravi-

tational influence on the coalescence rate of 1liquid droplets.

ACHTEVEMENTS

1. Performed meaningful solidification experiments with Ga-Bi immiscible
alloys in a drop-tower.

2. Prepared homogeneous dispersions of immiscible metals in bulk form.

3. Demonstrated that the microstructure influences the physical properties
of the alloys.

4. Showed that the electrical properties of Ga-Bi alloys are affected by
low-gravity solidification so that a peak in the resistivity occurs,
and semiconducting properties result.

5. Ectablished a correlation of the property change with the particle size
and interfacial area of the dispersant and predict full semiconducting
behavior of Ga-Bi alloys with particles of 0.1 Mm diameter and less.

6. Found that coalescence and creaming are essentially eliminated in zero-
gravity, whereas these processes are dominant in one-gravity.

7. Eight publications and six reports.
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ABSTRACT

When dispersed or mixed immiscibles are solidified on earth, a
large amount of separation of the constituents takes place due to
differences in densities. However, when the immiscibles are dispersed
and solidified in zero-gravity, density separation or creaming does not
occur, and homogeneous composite alloys can be formed with many new and
promising properties. By measuring the electrical resistivity and the
superconducting critical temperature of zero-gravity processed Ga~Bi
samples, it has been found that the electrical properties of such
materials are different from the basic constituents and the ground-
control samples. The degree of dispersion critically controls the tempera-
ture dependence of the electrical resistivity with the finest dispersions
showing the greatest impact, Our results indicate that the changes in
basic properties are associated with the amount of interfacial area

formed.

To illustrate the behavior of immiscible liquids of different densi-
ties in zero-gravity and to determine the rate of coalescence of 1like
droplets, a demonstration experiment (TV-102) was performed on the Skylab 4
mission. Dispersions of oil-in-water and of water-in-oil were prepared
by the astronauts and their appearance photographed over a time span of
10 hours. The experiment indicates that all emulsions were stable over
this period and that the coalescence rate was at least 3 x 107 times

smaller on Skylab than on earth.

The recorded melting of a cylindriczl piece of ice on Skylab 3 (TV-111)
is used to study the mode of heat transfer for the latent heat of melting

in low-gravity.
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Nomenclature and Reference Data for Gallium-Bismuth Samples

NASA Gravity Soak Temp. Cooling Rate Av. Particle Mean Standard
Code Level ('g') (°C) (°C/sec)* Diam. (um) Deviation (um)
2-4 0.04 270 5800 0.9

5-6 < 0.002 346 5200 1.2 0.7 ’
9-2 0.04 405 7000 3.2

1-3 1.0 375 N/A ~ 20 -

B-5 1.0 325 2950 N/A -

c-6 0.005 328 954 2.5 1.3

D-2 0.004 324 2550 2.9 to 5.1 -

E-4 0.005 336 3371 N/A -

F-9 < 0.002 313 1920 2.0 1.2

G-10 < 0.002 318 452 2.3 0.7

H-11 0.004 315 236 2.2 0.9

J-12 1.0 316 219 1.6 to 7.9 -

K-13 0.005 320 202 N/A -

L.-14 0.004 349 279 2.5 0.9

0-11 0.005 252 5500 3.0 1.0

0-12 0.005 480 5500 2.5 to 4.5 -

0-13 0.005 265 5500 3.0 1.0

* Cooling rate determined on outside of tantalum container. The cooling
rate inside the samples will be less.

Remarks: In earlier publications, like Ref. [32], sample (2-4) is called
(A), (5-6) = (B), (9-2) = (C) and (1-3) = (D).
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I. INTRODUCTICN
At the boundary of two phases matter shows properties which are

different from those of the continuous phase. The free energy, entropy
and volume of molecules forming an interface between two liquids are modi-

fied and differ from the corresponding properties of the same molecules ‘

R

in the pure liquid. Ordinarily, the contribution of the free surface j
energy to the total free energy is negligible. However, in dispersed
immiscible systems, the ratio of the surface to volume can be large, and
the tulk properties of such a solidified alloy will be modified to a large

extent by interface effects [1].

A recent study of existing phasc diagrams {2] revealed that there are
about 500 binary alloy systems composed of two metals or metallic oxides
showing immiscibility in their liquid state and demonstrated that the
phenomenon of immiscibility is rather common. But, since the two liquids
usually have different densities, gravity-induced segregation after the
dispersion will occur, and the two components finally separate by creaming
or by coalescence. The times for segregation can be very short and are

in the order of seconds for common material systems [3].

In earth orbit, however, density differences of the liquid components
are no longer important, and homogeneous dispersions of these immiscibles
can be obtained which are stable over i long period of time. The absence
of density segregation ~llows pr.cessing and solidification of immiscible

alloys with new materials systems, which cannot be made on earth because of



rapid separation. These low-gravity processed immiscibles may have a
wide range of applications, as in dispersion-strengthened or super-
plastic alloys, supercenducting wires, permanent magnets, bearing mate=-
rials or catalysts to give a listing of TRW [2]. In addition, materials
in high-power switches could be devised with immiscible alloys whe.: one
component acts as current carrier and the other as the wear-resistant

base.

The nature of the reported investigations 1s to determine the influ-
ence of low-gravity processing on the electrical and physical properties
of immiscible alloys. The principle of free fall solidification has been
verified by cooling Ga-Bi alloys through the miscibility gap during the
4 seconds of free fall in the MSFC drop tower [2, 4]. From the multitude
of potential experimental investigations that could be conducted [5], we
have limited ourselves to determining some of the physical processes
associated with low-gravity solidification and the electrical properties
of such solidified immiscibles. By means of a Skylab demonstration [6, 7],
the long-tevm stability of two dispersed immiscible liquids prior to

solidification will be investigated.

In addition, the melting of a cylindrical piece of ice at ambient
temperature could be performed in a low-gravity environment during the
Skylab 3 mission [6, 7). The observed melting behavior, which is differ-
ent from the ground control melting, will be described by considering
surface tension effects and the lack of convective heat transfer on

Skylab.
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IT1. INVESTIGATIONS ON GALLI1UM-BISMUTH IMMISCIBLE ALLOYS

1. Sample Preparation

A dispersion of two liquid metals can be obtained by making use of
the miscibility gap occurring in several metallic constitution diagrams [8].
With this technique, the application of a mechanical mixing device is not
necessary. Samples of Ga-Bi, having a liquid miscibility gap between 262
and 222 °C as can be seen from the phase diagram in Fig. 1, were processed
during 4 seconds of free fall in the MSFC drop tower [9]. In this time
span, the single-phase metallic liquid (with a temperature above 262 °C)
was cooled through the liquid-miscibility gap cto form two liquid phases,
and subsequently two phases were solidified in low-gravity by water quench-
ing. These samples should show no density segregation or coalescence.
Ground-control samples were processed under otherwisz identical conditions
except that the samples were not dropped in the drop tower. A representa-
tive cooling curve for a drop tower sample (H-11) is given ie Fig. 2. The
consolute and the first monotectic temperature (Bi solidification) are

indicated by broken h~rizontal liines.

The Ga-Bi samples were housed in rectangular tantalum containers
(1.27 x 0.635 x 0.318 cm), using metals with at least 99.999 percent purity
and a : oncentration of 50 at.Z% of each ciement. Bismuth and gallium were
separately loaded into the container under argon atmosphere and the con-
tainers were seaied by electron beam welding. Since both bismuth and

gallivm expand upon solidification, & small expansion volume (0.2 cm3)
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was left in each capsule. In order to exclude the influence of one
variable, the concentration of the elements was not changed. Details
of the processing procedure are given by Reger and Yates [4].

Thin slices with a thickness of about 1 mm, which had been cut
with a wire saw from the original samples, were investigated for their
metallurgical, electrical, and superconducting properties [10]). These
samples are listed with the appropriate NASA code and preparation parame-

ters in Table 1.

Also included in this table are the three samples, 011, 012 and 013,
which were solidified in cylindrical graphite containers and thus differ
in geometry and in container material from the other samples. These
alloys were prepared during the performance test for a new cylindrical

heating element developed at MSFC.

2. Microstructure

a. Density Segregation

Once the samples are cooled below 240 °C into the two liquid regioms,
gallium particles (with 38.5 at.Z Bi dissolved) will precipitate according
to the phase diagram of Fig. 1. Since thedecomposition of a liquid phase

into two liquid phases as
L > Ly +1Lp (1)

is involved in the process, the diffusion coefficient (D = 10‘4 cm2/s)
can be assumed to be sufficiently large so that equilibrium conditions are
maintained during decomposition. The densities of the liquids ¢t 250 °C
for Bi and Ga are 10,07 and 6.17 g/cm3, respectively, which will cause the

gallium droplets to move upwards to the surface. The velocity of the



NASA
Code

2-4
5-6
9-2
1-3
B-5
C-6
D-2
E-4
F-9
G-10
H-11
J-12
K-13
L-14
0-11
0-12
0-13

*Cooling rate determined on outside of tantalum container.
rate inside the samples will be less.

The cooling

6
TABLE 1
Reference Data for Gallium-Bismuth Samples
Mean Standard No. of
Gravity Cooling Rate* Av. Particle Deviation Particles
Level ('g') (°C/sec) Size (um) (um) (106 per cm?)
0.04 5800 0.9 * 0.7 21
0.002 5200 1.2 + 0.7 -
0.04 7000 3.2 + 1.7 2.1
1.0 N/A ~ 20 - -
1.0 2950 N/A N/A 4.1
0.005 954 2.5 + 1.3 4.0
0.004 2550 5.1 to 2.9 2.8
0.005 3371 N/A N/A -
0.002 1920 2.0 + 1.2 2.1
0.002 452 2.3 + 0.7 4.2
0.004 236 2.2 + 0.9 5.2
1.0 219 1.6 to 7.9 - 1.52
0.005 209 N/A - -
0.004 279 2.5 + 0.9 3.7
0.005 5500 3.0 +1 1.3
0.005 5500 2.5 to 4.5 - 0.52
0.005 5500 3.0 +1 1.2
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particles is controlled (in the absence of convective currents) by a
modified Stoke's equation [3] which states that for a spherical particle

of radius r 1in a liquid of the viscosity n, the velocity is given by
v = 2grl(p; - 02)/9n (2)

where pq and p, are the density of the two liquids and 'g' is the
acceleration of gravity. Calculated velocities of gallium droplets with
different diameters, traveling in liquid bismuth are listed in Table 2,
along with the distance (in terms of the particle radii) the particles

will travel in one second.

TABLE 2

Velocities of Ga Droplets in Liquid Bi at ~225 °C

Radius of Ga Droplet Drift Velocity Radii Traveled
(um) (mm/sec) in One Sec.
1000 520 520
100 5.2 52
10 0.052 5.2
5 13 x 10-3 2.6
2 2.1 x 1073 1.1
1 0.52 x 103 0.5

For very small particles below 1 pm, the drift-velocity due to gravity is
small and may be neglected. However, a particle with a radius of 5 um

travels in one second a distance which 1s already larger than its diame-
ter. Micrographs of two samples solidified under the same conditions in
zero-gravity and in ore-gravity are given in Fig. 3. It can be seen that
the low-gravity solidification leads to a uniform dispersion of gallium

particles in a bismuth matrix. The shape of the gallium droplets appears

to be about circular and an average diameter of 2.5 um can be given. The
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sample which was solidified in one-g also exhibits a dispersion of
gallium in bismuch. However, the particles are not spherical and they
obviously become elongated by coalescence during the process of density

segregation,

b. Photomicrographs

Photomicrographs of additional samples are reproduced in Figs. 4, 5,
and 6. The light colored areas in the photographs represent the Bi matrix,
and the darker circular areas are the dispersed gallium particles. As
expected, the low-gravity processing always resulted in a fine and uniform
dispersion of Ga particles in the Bi matrix. The processing parameters
for these samples as gravity level during solidification, soak temperature,
particle size and standard deviation from average particle size are listed

in Table 1.

Particle diameters on the photomicrographs were measured with the
following technique: A number of straight lines in arbitrary directions
were drawn on the photomicrographs. From those particles, which were
touched or crossed by a line, the diameter was measured in two orthogonal
directions. Measurements were made on a large number of particles, ranging
between 100 and 200. The distribution of particle diameters for two drop
tower samples are presented in Fig. 7. Sample L-14 shows a nearly gaussian
particle distribution with an average diameter of 2.5 um. The particles
in this alloy are of very uniform appearance and the sample has practically
no droplets above 5 um diameter. This observation is in contrast to
ground-control sample J-12 which shows a large number of elongated particles,

and, therefore, a second maximum in the diameter above 5 um becomes apparent.

.
.r"""'-.;
:

Y

o]

.

.r

3
«..



R e S ) e =

RFPRODT_"’?';?U.!,l""\.' | '

.qﬂ'h1Q..i.J
A .;m.ﬂ...-..ﬁ...hu.mw.uh‘ .
2 m..-n.. A RO

10

U

Ay

ARTC T

The microstructure of low-gravity solidified Ga-Bi alloys.

Photo (d) is from a ground-control (one-g) sample.

Figure 4.

The
1000 X.

(2-&)’ (b) Sample (5'6)1

Sample
Ground-control sample (1-3).

dark areas represent gallium particles, the light regions
(a)

are the bismuth matrix.
Sample (9-2), (d)

(c)
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Figure 5.
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The microstructure of low-gravity solidified Ca-Bi alloys.

Photo (a) Is from a ground-control (one-g) sample. (a) Ground-
control sample (B-5), (b) Sample (C-6), (c) Sample (H-11),

(d) Sample (L-14). Magnification 1000 X.
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The average number of particles per cm? has been computed from the
photomicrographs which all have a magnification of 1000X. The Ga par-
ticles were counted in the total picture area of 103 x 89 um., The number

of particles per em? is also 1listed in Table 1.

For completeness,we also give low-magnification micrographs in
Fig. 8 of particular areas of sample 011, 012, and 013, These samples
do not fit very well in the above considerations because of several
unusual features and it may be possible that the cylindrical configuration
of the capsules has further influenced the resulting microstructure. We
note a number of large voids which could have been filled with gallium
before polishing. There are also areas with a cell-like structure showing
different particle configurations which may have resulted from convective
material currents prior to quenching. In the micrographs of Fig. 8, we
also realize banded regions which are completely void of gallium particles.
It is likely that the cellular structure represents a pseudo-electric
solidification pattern, experiencing a fast progressing solidification
front, as was observed by Chadwick [11l] in lead-cadmium alloys. This
inhomogeneous appearance has not been observed on the low-g solidified

samples with a rectangular cross section, which will be investigatecd solely

further.
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Figure 8.
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The microstructure of Ga-Bi alloys solidifiea in cylindrical
containers during low-gravity conditions. (a) Sample (0-11),
(b) Sample (0-12), (c) Sample (0-13) all center area,

(d) Sample (0-13) border area. The dark areas are large
voids. 100 X.

15

i~ ...,'




16

¢. Fineness of Dispersion

It can be seen from the micrographs and from the diameters listed in
Table 1 that the low gravity processing leads to homogeneously dispersed
samples. However, there is considerable variation of the particle size for
the different drop tower specimens. Since the nucleation and growth of
gallium particles is affected by the cooling rate, we expect this parameter
to have a major influence on the particle size.

Some information about the quantities involved can be given by the
classical theories of nucleation which were developed by Becker and
Doring [12] and Turnbull and Fisher [13]. The nucleation rate, I, in

liquid/1liquid systems is determined by an expression of the type
I = K exp (-[AG* + AGp]/KT) (3)

where AG* is the work of nucleation (i.e. tne change in free energy
necessary for a nucleus to form) and AGy is the energy of activation

for diffusion across the boundary separaring the phases; k 1s the
Boltzmann constant. Thus, the rate is a combination of two terms having
the required change of free energy in connection with the probability of
an atom diffusing to the subcritical nucleus. The form of Eq. (3) means
that the rat~s of nucleation will be extremely scnsitive to the undercooling,
AT, which determines the texm AG%*, Undercooling of 25% below the melting
temperature (absolute) has been found for the nucleation of solids from
liquids [14]. At this amount of undercooling, the critical radius of the
droplats is about 1073 um, and the nucleus would contain appreximately

200 atoms.
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In order to obtain a finely dispersed alloy by increasing the nuclea-
tion rate, a high degree of supercooling is required. One way to achieve
a large supercooling is by fast quenching. In our case, the samples are
cooled rapidly through the miscibility gap by spraying the container with
water and different cooling ratgn may have been obtained. Cooling data are
available for the drop tower samples, and in Fig. 9, we have plotted the
average particle diameter of the different samples against the cooling
rates. There is a large scatter in the data and no clear trend can be
recognized. For several samples, it appears as if the particle size is
independent of the indicated cooling rate. In this case, it is mc.t likely
that the cooling rates, which wers determined with a therrocouple mounted
on the outside of the sample, do not represent the true cooling rates
inside the sample. Since for inside areas the true cooling rate is deter-
mined by the heat flow through the liquid alloy, this heat flow is limited
by the conduction mechanism and should not exceed a rate of about 400 °C/sec
for the specified geometry [51]). We, therefore, believe that the true
cooling rates inside the samples are between 200 and 400 °C/sec and are

not clearly related to the indicated cooling rates.

To better resolve the influence of cooiing rate on parcticle size in
low-gravity, a slow cooling experiment with a rate of about one degree per
second would be helpful. Such a slow cooling rate, which cannot be rea~
lized in the drop tower, would be sufficiently distant from those rates
already obtained that the uncertainty of the drop tower cool rates would
become insignificant. However, a zero-gravity duration of about 3 minutes

is required for such experiment.
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3. Resistivity Measurements

Changes in the electrical properties of bismuth due to the presence
of dispersed gallium can be determined by resistivity measurements. In
the case of coarse metallic mixtures where the two components are mutually
insoluble, the vesistivity of the mixture is expected to be roughly the i
weighted average in terms of the volume of the two conductivities. How-
ever, when the dimensions of the second phase come in the magnitude of the
mean free path of the electrons, large interfacial scattering contribu-
tions should occur, which can be determined by this nondestructive tech-
nique. In the following, we wish to show that the electrical properties of

these dispersed alloys are influednced by the microstructure.
a. Measuring Techniques

The temperature dependence of the electrical resistivity, o(T), was
measured on thin slices of material (dimensions: 1.0 x 0.3 x 0.1 em) with
the conventional four-probe technique. A constant current of 10 mA was
passed through the sample by means of fine spring-loaded copper wires con-
tacted to the alloy by silver conductive paint. The corresponding voltage
drop was measured on two separate potential leads and could be recorded as
a function of temperature. The sample temperature was measured with a
calibrated platinum-resistance thermometer to 20K and below this tempera-
ture with a calibrated germanium-resistance thermometer. A schematic of
the experimental set-up is given in Fig. 10. An absolute determination of
the resistivity for all samples is limited by the small sample geometry to
within 8%, indicated by a room temperature error bar. However, the relative

values of p for a given curve are accurate to better than 1%.
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Superconducting transition temperatures were measured by the induc-
tance technique. A schematic of the experimental set-up is given in Fig. 1l..
The sample is placed i: :ide a coil and the temperature-dependent change in
inductance is measured with a bridge circuit. The material becoming super-
conducting exhibits diamagnetism (Meissner-Ochsenfeld Effect) and excludes
the magnetic flux from its volume, thereby changing the inductance of the
coil. In order to increase the sensitivity of the system and to reduce
susceptibility to noise, the a-c signal is processed in a lock-in amplifier.
The advantage of this method, in addition to its high sensitivity, is that
the volume of the superconducting phase can be determined in a multiphase

alloy by calibration with a known superconducting volume.

b. Resistivity Curves

The results of the resistivity measurements in the temperature range
between 4.2 and 290 K are given in Figures 12a and 12b. Each letter and
number on the curves refers to the sample whose preparation parameters are
identified in Table 1. For comparison, the resistivities of pure Bi and
pure Ga [15] have also been included in Fig. 12a. The room temperature
value for all samples is approximately the same as for the pure Bi. An
absolute determination of p for all samples is limited to within 8 per-
cent by the sample geomet 'y, as indicated by the room-temperature error
bar. However, the relative values of p for a given curve are accurate to
better than 1 percent. What is of interest here is that the changes in
resistivity as a function of temperature for the samples are quite different

and that a peak develops in the resistivity of some samples at about 100 K.
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This unusual electric behavior of the drop tower solidified samples
will be discussed in terms of the resistivity in three different tempera-
ture intervals: the low temperature (4.2 - 30 K), high temperature

(100 - 300 K) and intermediate temperature (30 - 100 K) region.

a. Low Temperature Range (4.2 - 30 K) i

For temperatures between 4.2 and about 30 K, all samples show typical
metallic behavior. A selection of some resistivity curves in this region
is given in Fig. 13. The resistivity may be expressed for low temperatures

as the sum of a temperature-independent term, p,, and a temperature-depen-

dent term, py(T) = CT?, as stated in Matthiessen's rule [16],
P = Py + pi(T). (4)
The residual resistivity, p, at T = 0, can be associated with electron

scattering from impurities, defects or interfaces and is, indeed, very

high for sample (2-4), having the finest dispersion of all available alloys.
We have plotted in Fig. 14 the residual resistivity, p,, as a function of
the average particle diameter < d> and find that p, increases very rapidly
as the particle size becomes smaller. The exact relationship between Po

and <d> 1is somewhat uncertain due to scattering in the data caused by

the mean standard deviation, Ad.

If the residual resistivity is affected by the surface area of the

scattering particles, we expect a relation in the form of
by = po* + F/d? (4a)
o o .

The term po* will represent the resistivity for very large parcicles
(d + =) and may be chosen between 0.005 and 0.13 uQcm. For samples with

particle sizes smaller than 10 pym, this term can be neglected because of
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the dominance of F/d2, In Fig. 15, the reduced resistivity is plotted as

a function of the reciprocal surface area and we find that the experimental
data can be expressed in the form of Eq. 4a. Since the surface area is
derived from the average particle diameters, a correlation of Fig. 14 and

15 exists so that the slope in Fig. 14 is twice the unity slope.

The temperature-dependent term, P4, for all samples can be expressed .
according to Equation (4) with n varying between 2 and 4.5. Figs. 16a
and 16b contain the experimental data for the measured samples. In this
log/log graphs, where the reduced resistivity (p - po) is plotted against
the absolute temperature, the exponent n can be read as the slope of the
straight part of the curve connecting corresponding data points. The value
of C 1is obtained for T = 1 K. Deviations from Matthiessen's rule are
generally observed for T > 20 K. A summary of the characteristic values,
Py» C, and n as obtained from the different samples are listed in Table 3
and are also compared with the corresponding literature data for the pure

elements.

The following trends in the characteristic constants can be observed

from the data of Table 3 for the immiscible alloys:

With increasing fineness of the dispersion, the values for Po and
C simultaneously increase, whereas the exponential value n slowly
decreases from its characteris:ic number of 4.5. For the finest dispersion
obtained (sample 2-4), the exponent n 1is already very close to the value
measured for pure bismuth. Even finer dispersions should result in a
further steep increase of p, 1in acccrdance with Fig. 14. However, little
changes are expected for C and n which seem already to be saturated.

Judged from the data obtained for C and n , it is apparent that the
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gallium loses its identity in the immiscible alloys when the dispersion
comes into the submicron range. The different samples in Table 3

are ordered according to increasing Po*

b. Intermediate Temperature Range (30 - 10 K)

Deviations from the T2 behavior of the electzical resistivity for
pure Bi are observed by several authors above 20 K [19]. This change
in n is expected because at temperatures above the Debye-temperature, the
resistivity of a metal is determined by the mean square amplitude of the
lattice vibrations. This amplitude varies proportional with the absolute
temperature, and, thus, the resistance should then change proportionally with
the absolute temperature. We do not observe this expected behavior on
Ga-Bi alloys with dispersions of less than 5 microns in diameter. An
exception would be the ground-control sample (1-3). Instead, a peak in
the resistivity is developing at about 100 K, which increases in magnitude
with the degree of dispersion (see Fig. 12). The value of the resistivity
at 100 K is plotted as a function of particle diameter in Fig. 17. It can
be seen that the height of the peak is correlated with the particle diameter
and that a strong effect is observed only for dispersions finer than 5 um.
However, when the particles become smaller, the absolute peak resistivity
does not increase as fast as the residual resistivity does for the same

amount of size reduction.

Similar resistivity peaks have been reported by Thompson [20] for
bismuth samples containing Pb, Sn and Ge. However, these maxima are
observed for solid solution type of alloys and are dependent on the con-
centration of the second constituent. Thomson explains the resistivity

behavior in Bi-Pb alloys by the following mechanism: Since Pb has fewer

R L A LR P,



33
250
GALLIUM —- BISMUTH
MAXIMUM RESISTIVITY
—tt (2-4) AT 100 K
200} 7
et (F9)
(5-6)
(G-10)
!
150 - {
E
(2]
9
"’x (L-14) # 2
Q (H-11)
Q@ (BS)
100r' ]
(1-3)
ELONGATED PARTICLES
50 - —
o 1 1
0 5 10 15 20
PARTICLE DIAMETER (um)
Figure 17. The absolute height of the resistivity peak as a function of
The error bars

the average Ga~particle diameter at T = 100 K.

represent the mean deviation of the particle diameter.



+ '
@ "
-
hin UL

34

valency electrons than Bi, the replacement of an . _.om of bismuth by lead
in the crystal lattice reduces the number of free electrons in the upper
Brillouin zone. If sufficient lead is dissolved, there will be no electrons
in the upper Brillouin zone, but there will be some vacant levels (holes)
in the lower zone. The resistance of such an alloy behaves normally at
low temperatures, i1.e., the resistance increases with the temperature
since the mean-free path decreases. But when the temperature is such

that the thermal energy is of the same order as the energy required to
raise an electron to the upper zone, the resistance will decrease, since
the decrease 1in the free path will be more than offset by the increase in
the number of electrons excited and of the number of holes produced. When
the number of holes is increased by the addition of more lead, the energy
required to excite an electron is increased, and thus the excitation of
the electrons only becomes apparent at a higher temperature, which is

observed.

Our results are not expected to be influenced by a concentration
variation of the socond constituent. Since the solid solubility of Bi
in Ga is less than 0.5 at.?% [21], our alloys are always saturated with
regard to this component. In addition, Thompson [20] finds that
0.5 at.%Z Ga in Bi only slightly changes the resistance curve for Bi ani
does not lead to a resistivity peak, like in Bi-Pb. His results on Ga~Bi
are comparable with those obtained on our ground-control sample (1-3).
The resistivity peak fo- our alloys, which all have the same composition

of 50 at.Z%, is caused by the gallium phase being finely dispersed.
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c. High Temperature Range (100 - 280 K)

The slopes (dp/dT) of the resistivity curves for Bi, Ga and sample
(1-3) in Fig. 12 are all positive, which 1is typical of an electronic
conductor. The coarse dispersion of the ground-control sample (1-3) has
resulted in a material with essentially the same electrical characteristics :
as for pure Bi. However, when the dimensions of the dispersed Ga particles
become small (d <5 m), the electrical characteristics of the Bi matrix
is changed (i.e., dp/dT - 0). For even smaller dispersions (d <2 um), as
seen in the zero-gravity samples, the conductivity of the matrix has com-~
pletely changed so that dp/dT - 0 and a broad maximum occurs at about
100 K. The high temperature resistivity (T < 120 K) of the finely dispersed

samples behaves similar to an intrinsic semiconductor.

Indeed, the resistance can be analytically described with an expo-
nential relationship. In the temperature interval between 120 and 300 K,

the resistivity changes as
e = P lexp(B/kT) (5)

where 0y is a characteristic resistivity and B 1is an energy gap for

the conduction process. This relationship is applicable to samples with
particles below an average diameter of 3 um. A graphic representation

of Eq. (5) for several samples is given in Fig. 18 and the resulting con-
stants are listed in Table 4. The quality of the data and the temperature-
range of the agreement between the experimental resistivity and the expo-

nential relationship are demonstrated in Fig. 19 for sample F-9.
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TABLE 4
Constants for the Semiconducting Range of Ga-Bi Alloys

Sample  Diam. (ym)  d-Ad (um) Py (uicm) B/k k1 B (1073 ew)
G-10 2.3 1.6 164.7 6.1 0.53
B-5 - - 97.5 16.0 1.38
H-11 2.2 1.3 88.8 25.2 2.2

F-9 2.0 0.8 144.9 34.8 3.1

2-4 0.9 0.2 85.0 72.5 6.25

It can be seen from Fig. 19 that the experimental data follow an expo-
nential relation over a temperature interval of about 100 K. Deviations
occur for high temperatures (> 240 K) as well as low temperatures (< 140 K).
A small energy gap, which increases in magnitude with decreasing particle

si1ze, develops in the Ga-Bi alloys for dispersions below 5 um. As can be

seen from the data of the third column of Table 4, the particles with minimum

diameter (d - Ad) contribute most to the energy gap. The semiconducting
behavior does not extend to very low temperatures (< 100 K) where normal

conducting behavior exists, as has already been discussed.

d. Room Temperature Resistivity

Neglecting interface scattering effects at room temperature, we expect
a composite resistivity between 80.6 and 38.8 ufiem 1if all the Ga particles
are either electrically connected in series or in parallel. The room tem-
perature resistivity should then also be independent of particle size. We
find that all room temperature resistivities are higher and lie between

110 and 180 uQcm. We know, however, that the mean free path for Bi

|
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at room temperature is exceptionally high with about 7 um [22]. Therefore,
we can expect a scattering contribution from particles in the micron.range.

This fact is also revealed in the residual resistivity.

The laboratory experiments further indicate a jump in the sample resis-
tance by 300 or 400 % at 30 °C, when the gallium melts. These changes in
resistivity are not very reproducible, but they are far beyond the expected
increase of about 15 7 by melting of the gallium phase. There is a possi-
bility that the large resistivity jumps may be caused by a phase transforma-
tion of Bi at room temperature. Brigman [23] has measured a resistivity
decrease of 600 7 for Bi when the phase transformation at 25 kbar is

achieved (Bi I -» Bi II).

Gallium expands on solidification by 3%. Can sufficient pressure be
generated by the freezing of Ga particles to justify a phase transforma-
tion in solid Bi at an interface region?

Assuming infinite stiffness of Bi, the pressure generated by freezing
of gallium would be about 15 kbar. This pressure alone is not sufficient
to generate the transformation at 26 kbar. Some additional pressure should

6 deo~ 1

be generated by the unequal expansion coefficients which are 40 x 107" deg

6 deg"l for Bi and Ga respectively, at room temperature [24].

and 15.6 x 10~
Although the internal pressures generated by freezing of Ga are too small, a

phase transformation of Bi in an interfacial region cannot be ruled out.

In summary, our results show that the electrical properties of the Bi
alloys are drastically changed in each temperature range by dispersion and
zero-gravity processing. The finer the dispersion, the greater the change

in the properties of the composite. An extrapolation of ‘he resistivity

N RO » DR ot 7



LR —

e ——

i R
o~

- ke SEE A

.u’lri ¢

data for a hypothetical Ga-Bi alloy with gallium partices of of 0.1 um

diameter will be given in Section 6.
4, Superconductivity Measurements

In many instances the superconducting properties of a material can
be used as a supplemental means to analyze its conditions of state.
Although Bi in its bulk form is not superconducting [25] above a tempera~
ture of 0.5 K, gallium should show a transition to the superconducting

state at 1.08 K (26].

Transition temperature measurements have been made on these samples
by both the resistance and inductance technique. Whereas, with the
resistance measurement, the formation of the first superconducting path of
electrons across the sample is observed, the inductive technique reveals

the amount of flux excluded from the material as it becomes superconducting.

a., Inductance Measurements

Typical results of inductance measurements, where the sample is

B fas

located inside a coil with the inductance L, are shown in Fig. 20. There,

Ak e e b

the relative change in inductance AL/L, based on the inductance measured

at 6.0 K, is plotted against temperature. A distinct change in inductance
(which 18 caused by the superconducting transition) is observed on all
samples at 7.9 K. This signal change is quite small, and using a calibra-
tion sample of known superconducting volume, the volume fraction of the
superconducting phase in the Ga-Bi samples can be calculated. Some samples
were cooled to 4.2 K so that the superconducting transition of the tanta-~
lum capsule (T = 4.39 K) could be measured and used also as a ca’ ibra-
tion volume. The results of the measured transition temperature and the

superconducting volume are given in Table 5.
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Transition Temperatures and Superconducting Volumes of Low-Gravity

G-10
H-11
J-12
K-13
L-14
B-5
c-6
D-2
E-4

F-9

Processed and Ground-Control Ga-Bi Alloys

Supercond.
0-g Duration Onset of T, Vol. (%) AL/L (%)
(sec)* (K) (7.9 to 6.0K) for Ta*x
-~ 7.99 1.7 -
- 7.96 1.6 -

0 7.95 3.0 -
3.6 7.90 1.89 6.7
3.9 7.90 0.87 7.0

0 7.90 1.24 7.3
2.9 7.91 1.31 7.0
4.2 7.91 0.94 7.7

0 7.93 0.74 6.8
3.2 7.92 1.95 7.0
2.8 7.91 1.41 6.6
2.8 7.89 1.27 6.1
3.0 7.92 0.57 7.0

* Duration of cooling from ~300 °C to ~20 °C.

** Change of inductance caused by the Ta-housing becoming superconducting.
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It can be seen that all samples exhibit a rather sharp superconduct-
ing transition between 7.9 and 8.0 K. However, only 0.5 to 3 volume
percent of the material show this behavior. The superconducting phase
is formed in the ground control as well as in the zero-gravity processed
samples with the same transition temperature. Annealing of the alloys
up to 100 °C for 40 minutes leaves the amount of superconducting phase

nearly unchanged.

b. Resistivity Measurements

Although part of the samples becomes superconducting, the resistivity
does not drop to zero at temperatures below 7.9 K as may be seen from
Fig. 13. 1In fact, the resistance at this particular temperature around
8 K was constant to within 0.5 %, and no sudden drop could be observed
within the relative accuracy of the resistance measurements. This indi-
cates that the superconducting phase consists of isolated regions which
are not interconnected. An exception is observed only on sample G-10
which shows the beginning of a resistive transition starting at 8.0 K.
The results of the resistivity measurements on this sample from two heat-
ing and cooling cycles are given in Fig. 21. The data are plotted on an
expanded scale to show more clearly the superconducting transition, which
is very broad and not completed at 4.2 K. In its microstructure, this
sample 1s not any different from the others, and it 1s unclear why a
resistive transition is observed for this sample only.

The fact that portions of the samples become superconducting at 8 K
cannot be attributed to processing in zero~g, sinc.e the ground control
sample shows the same transition. This behavior may be attributed to a

change in state of saue of the gallium or bismuth. Both materials are
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known to produce phase changes when put under sufficiently high pressure [27]
or when fabricated in thin films [28, 29]). The transition temperature can
be as high as 8.55 K for Bi under a pressure of 90 kbar or 8.4 K, resrec-
tively, for thin film gallium. There 1s a possibility that either v these
phases may be present in the samples. However, we can state that the high
temperature superconductivity ic associated with the fact tnhat the gallium
exists as dispersed particles in the alloy. In thelr nondispersed state,
samples do not show a transition above 4.2 K. The occurrence of a super-
conducting phase with a transition temperature of 7.9 K has not been
reported in the literature and such a phase cannot be predicted on the

basis of the Ga-Bi phase diagram.
5. Hall Erffect Measuremcuts

The resistivity measurements have resulted in nonlinear resistivity
versus temperature curves, and several samples exhibit a broad maximum
in the resistivity. Since the samples behave like semiconductors over an
intermediate temperature range, Hail effect measurements were initiated
to gain more information about the urusual conduction behavior. Such
measurements permit determination of the charge of the cur: 1t carriers,

their mobility and their concentration [16].

When a conductor (thin plane slab) is placed in a magnetic field
perpendicular to the direction of current flow, a voltage is developed
across the specimen in the directinn perpendicular to both the current and

the magnetic field. This voltage is called the Hall voltage. The sign of
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the Hall voltage indicates the kind of charge carriers:

electron carriers and positive for hole carriers.

will apply:

Ey = JB/ne Ey/Ep =

where J 1is the current density,

the charge of the carrier, u, their mobility,

charge carriers per unit volume,

uB

J
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negative for free

The following relations

neuE; 6)

B 1is the magnetic flux density, e 1is

Ey and E; are the Hall and sample poten-

n, the concentration of

tial. These equations can be used to c..culate the mobility and the concen-

tration of charge carriers from the known quantities.

Observed values of the Hall constant for several common metals are

listed in Table 6. The anomalous large value for Bi in comparison with

Na, Cu, and Ag is interpreted by the band theory and caused by a low con-

centration of electrons outside the nearly filled bands.

one free electron for every thousand Bi atoms [16].

TABLE 6

Actually, there is

Observed Hall Constants for Common Materials at Room Temperature [16]

Metal

Na
K

Cu
Ag
Al
Zn
Cs

Bi
F-9
G-10
D-2

Ry x 1011
(V-cm/A-G)

-1500

- 240
- 21C

P T
P‘ i AL T
- 4

A .

£



47

Reversal of the Hall constant from negative to positive values,
indicating a transition from negative to positive charge carriers, has
been observed for several alloy systems, as the Cu-S5n and Bi-Sn system [30].
It is further possible for the Hall coefficient to change the sign as
a function of temperature as has been found on bismuth doped with 0.1 at.%

Sn [30].

Assuming the possibility of doping bismuth with gallium, the gallium
would act in the alloy as an acceptor of charges, and absorb some or all
of the few free electrons from Bi. Therefore, we may expect an increase
in the ohmic resistance and decrease or eventual reversal of the Hall

constant for finely dispersed Ga-Bi alloys.

Measurements of the Hall effect on Ga-Bi alloys have been made in
small magnetic fields up to 2,000 G. The results [31] obtained on four
different samples including pure Bi are listed in Table 7. Compared with
Bi, we observe an increase in the Hall constant upon the dispersion of
gallium, indicating an increase in the number of charge carriers. The
additional negative charge carriers are introduced by the gallium particles.
These results also show a correlation of Hall constant with the particle
size, with the finer dispersions having the smallest increase in the
number of charge carriers. A reversal of the Hall constant has so far not
been observed and could occur for dispersions with particle sizes below

1 um, when the contribution of bulk gallium becomes less important.

The temperature dependence of the Hall constant can be interpreted
from the measurements at room temperature and liquid nitrogen. For

sample F-9 and G-10 decrease of the Hall constant (to more negative values)
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is observed with decreasing temperature. This change is most pronounced

for sample F-9 and less for G-10. This bchavior is caused by a reduction
of the number of carrier electrons and the small band gap that develops
with decreasing temperature. Indeed, sample F-9 exhibits a resistivity
peak, whereas the maximum is considerably lower for G-10 (see Fig. 12b).
Sample D-2 shows no resistivity peak and, accordingly, the Hall constant
increases with decreasing temperature. The correlation of the resistivity
maxima with the behavior of the Hall constant indicates that the resistivity

peaks are caused by a reduction in the concentration of free electroms.

6. Summary and Outlook

We have demonstrated the influence of density segregation on the micro-
structure of Ga-Bi alloys when cooled through the miscibility gap. Bulk
homogeneous dispersions of gallium particles in a bismuth matrix could be
obtained by low-gravity solidification of the alloys in a drop tower. The
particle sizes for different samples ranged between one and twenty microns.
A quantitative correlation of particle size and cool rate, which can be
expected from nucleation and growth theory, could not be shown. However,
the electrical properties of the different alloys could be correlated with
the microstructure.

The results clearly show that the resistivity of the finely dispersed
low-g samples is quite different from the behavior of the pure constituents
and strongly depends on the degree of the gallium dispersion. This is
especially true for alloys with Ga particles of 5 ym diameter and less
where the basic properties of bismuth are modified and the samples exhibit

the unusual combination of semiconducting, and normal-conducting behavior.
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As the size of the gallium particles is reduced in the Bi matrix, a
maximum develops in the resistivity of the alloys at about 100 K caused
by a reduction in the number of free electrons. Simultaneously, the
residual resistivity steeply increases proportionally with the amount of

interface area generated.

At this point, it would be interesting to extrapolate the resistivity
data for a hypothetical alloy with a riner dispersion than was actually
obtained. We will now estimate the properties a sample should have with
a particle size of 0.1 um, by extrapolating the experimental results
obtained for particle diameters > 0.9 um. Figure 22a gives on a loga- ;
rithmic scale the residual resistivity at T = 0 and the absolute peak
height at 100 K for different particle diameters. These data can be
extrapolated to the desired dispersion size. It can be seen that the slope
of the resulting two curves for Py and p (100K) is different so that they
intercept at a size of about 0.5 pym. This crossover indicates that the
peak in resistivity will disappear for alloys with particles of less than
0.5 um diameter. A monotonically decreasing resistivity with increasing

temperature should result for such samples. A further distinctive property

s 4

of the alloys is the magnitude of the energy gap. This can be determined

from the experimentally obtained data for different samples which are

P S

also plotted in Fig. 22a. Since we have noticed earlier that the value for

the energy gap 1s related to particles with the smaller diameter, the

range between the smaller particles, d-Ad, and the average diameter is

indicated. The value of the energy gap does not change very much for the %
finer dispersions and a value of 102 eV seems reasonable for the desired

alloy. ;
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Fig. 22b then shows the expected resistivity curve for an alloy
with a particle size of 0.1 um in comparison to selected experimental
curves. We realize the dramatic increase of several orders of magnitude
in the residual resistivity with decreasing particle size and the dis-
appearing peak. In contrast to a pure semiconductor, the residual
resistivity will stay finite at very low temperatures. The electrical
properties of such an alloy would eventually resemble those of a semi-
conducting compound GaBi which, however, does not exist in the phase

diagram.
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IITI. SKYLAB 4 SCIENCE DEMONSTRATION TV-~102: IMMISCIBLE LIQUIDS*
1. Introduction

A demonstration experiment (IV102) was performed [6] on Skylab 4 to
visibly study the behavior of immiscible liquids of different densities in
low-gravity as compared to earth. The purpose of the experiment was to
investigate the rate of coalescence of two well-characterized liquids,
Krytox 143 AZ oil and water, after the liquids were finely dispersed on board
Skylab. It was anticipated that, despite the lack of density segregation,

a visible amount of separation of the two fluids would occur by coalescence

over a time span of 10 hours.
TABLE 8

Characteristic Data for Krytox 01l [33] and Water at Room Temperature (20 °C)

Krytox (143 AZ)+ Water
Viscosity (Centipoise) 63 1.0
Density (g/cm3) 1.86 1.0
Thermal Coefficient of
Volume Expansion (°C-1) 11 x 1074 2.1 x 1074
Surface Tension (dyne/cm) 16.0 72
Refractive Index 1.30 1.33

t Krytox oil is a nontoxic-fluorinated oil with excellent oxidative and
thermal stability,and with a high degree of chemical inertness, complete
inflammability, and good compatibility with metals, plastics and sealing
materials.

* Co~Investigator: Dr. L. L. Lacy, MSFC
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2. Experimental Details

To study the behavior of immiscible liquids in a low-gravity environ-
ment, the classic example [34] of oil and water was chosen because the
fluids are transparent and are well characterized by the data given in
Table 8. Since the two components of the system are considerably differ-~
ent in density, the dispersion obtained on earth is highly unstable and

will separate completely in 10 seconds.

The experimental package designed for the Skylab 4 missfon, as shown in
Figure 23, consisted of three transparent plastic vials (Oak Ridge Type
Centrifuge Tubes, manufactured from unbreakable polycarbonate), each con~
taining a different fraction of oil and red-colored water and mounted in a
stainless steel frame. Three vials, each having a total volume of 10 ml.,
were filled, respectively, with 25, 50sand 75 percent volume of degassed
Krytox 143 AZ nil and the remaining volume filled with colored degassed
water. To prevent alr from being trapped, the vials were sealed while sub-
werged under water, using a screw cap coantaining an O-ring seal. Vacuum tests
were performed on ground to insure that the vials would not leak while in
orbit. A small braes nut was included in each vial to disperse the liquids
vhen the vials were shaken in zero-g. To separate the two fluids while in
orbit, a 50-cm long string was attached to the top of the stainless steel
frame containing the vials. The string allowed the astronaut to swing the
vials in a circular arc and therby generate a centrifugal force of about 2-g.
To enhance visibility and aid in evaluating the results, a card with black
parallel lines was installed behind the frame so that the lines would be
visible through the liquids. The experiment was designed such that the
parallel lines were invisible for a good emulsion and clearly visible when

the liquids were separated.
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Figure 23, The experimental package of immiscible liquids, as designed fon
the Skylab &4 mission.
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3. Experimental Results

Black and white photographs of the emulsions prepared on earth are
shown in Figure 23. It can be seen that the dispersions obtained are
highly unatable and completely separate in about 10 seconds. The concen-
trations of oil and water in the three vials are chosen such that, in
vial #1 (from left to right), water is the matrix, in vial #2, oil is the
matrix, and and vial #3,with a volume ratio of 50 percent, water is again
the matrix. At 0.7 second,after the end of the mixing action, it can be
seen from Pigure 23a that the dispersed oil has completely cleared from
the water matrix in vial #1 and #3 because of the low viscosity of the water.
Gravity-induced coalescence of the dispersed oil droplets has already
occurred. In contrast, vial #2 does not yet show an appreciable amount of
density segregation because of the relatively high viscosity of the oil
matrix. After 3 seconds, as seen in Figure 23b, the degree of separation by
coalescence has progressed, whereas, after 15 seconds (Figure 23c),a complete
separation of the two liquids is observed. An evaluation of the high-
speed photography reveals that the water droplets are cleared from the oil
in the suprisingly short time of 0.1 to 0.2 second, whereas, the oil 1is
cleared from the water in about 10 seconds. The high-speed photographs also
reveal that an approximate droplet diameter of 1 mm or smaller can be

assumed for the dispersed phase immediately after the disnersing action.

This science demonstration was performed by the Skylab 4 crew (Pilot
W. Pogue) on January 3, 1974. After shaking the vials, the appearance of the
three emulsions was video taped over a period of 4 minutes and also sequen-~
tially photographed over a period of 10 hours. Suprisingly, all emulsions

vere stable over the entire time period. With an applicable resolution of
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a. a4t 2 mm for the pictures, no coalescence or droplets can be observed
and none of the background lines are visible through the liquids. Pilot
Pogue, however, observed [35] a "cellular structure that grew coarse
during the elapsed 10 hours." His observation indicates that there was
some coalescence which cannot be resolved in the photographs. Black and
white reproductions of color photographs taken from the video tape are given
in Figure 24, showing the appearance of the emulsions after 4 minutes.
Figure 25 contains two views of the vials (reproduced from 24 x 36 mm
slides) after 1.5 minutes and 10 hours. It should be noted that the quality
of the original data is much higher than can be reproduced here. The
enulsions were indeed separated several times by centrifugal forces, with
background lines becoming clearly visible through the liquids (Tig.24b).

The relative stability of the low-g and one-g emulsions was det:ermined
by two techniques. The first technique consisted of determining the volune
fraction of separation of the dispersions,using the parallel background lines.
As gravity-induced segregation separates the emulsions into clear oil and
water, che background lines become visible in the pictures and can be counted.
The results of such an analysis are shown in Figure 26 where the percentage of
separation is shown for vials /1 (water mat:-ix) and #2 (oil matrix) ac a
function of time after mixing. As seen in Figure 26, the emulsions are
highly unstable on earth,with the 25 percent oii mixture showing signifi-
cant separation in only 0.1 sec,and the 75 percent o0il emuvlsion, a comparable
amount of separation in only 0.8 sec. Both vials show cmomplete separatiorn
in 2 and 10 sec.,respectively. The results for vial #3 (50 percent oil)
are intermediate between vials #1 and #2 and have been omi.ted for cilarity.

The horizontal error hars for the ground-based experiment represent the



Figure 24,

60

Immiscible liquids on Skylab. a) Demonstration of the increased
stability of the dispersion in low-gravity. This picture was
taken 4 min after mixing and is represen. cive of all the Skylab
data. b) Separated liquids by centrifu~ing on Skylab.
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Figure 25. Demonstration of the increased stability of oil/water disper-
sions in low-gravity, Reproductions from 24x36 mm color slides.
The dispersions a) after 1.5 min and b) after 10 hrs.
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uncertainty of establishing the time for a given visibility of the
background lines. The vertical error bar for the Skylab experiment

represents the probable sensitivity for the technique.

As shown in Figure 26, dispersed liquid immiscibles are many orders
of magnitude more stable in low gravity than on earth. An estimate of
the increased stability in low-g can be made by realizing that the Skylab
emulsions are less separated after 10 hr (3.6 x 104 sec) than the 25 per-
cent oil mixture is after 0.1 sec on earth. Thus, these results indicate
that such dispersed immiscibles are at least a factor of 3.6 x 10° more
stable on Skylab than on earth. Likewise, it camn be concluded that the
coalescence rate has been reduced on Skylab to 3 x 10~ times that on earth.
As shown by the Stokes model calculation, the Skylab emulsions are between

one and two orders of magnitude more stable than was expected.

The stabi’ity of the low-g dispersions has also been studied by a photo-
densitometry technique. This technique consisted of measuring the red color
density (magneta film dye) of the returned 35 mm color transparencies as a
function of time. The results are shown in Figure 27,along with the results
of similar measurements made on the white clock face which actsas a +dard.
The relatively small scattering of the data is probably associated with the
film exposure and processing conditions. The results of the photodensity
studies indicate, as with the previous technique, that the low-g dispersions

were stable during the 10 hr of observation time.

AT ¢ ed e

F R Lt R

Otk s RO Cotitenn e aes B W s

ARG ot 2




LT AN

g R xS

[ER——

e PRS2 8 AT PP T TS

e

oy B BT (b g g

o

R R et S AR A, SR g an g vy, e et s

64

4. Theoretical Considerations and Discussion

When two liquid immiscibles are mixed, one of the fluids will break
up into small spheres and be dispersed in the other component which acts
as the matrix phase. On earth, the dispersion is often temporary since
differences in the density of the two fluids will provide a gravity-
dependent buoyancy force. This force will cause the dispersed droplets to
move and to collide with other droplets of different velocities and to
coalesce. In this section, we will theoretically study the movement (creaming)
and coalescence of dropletea with a simple Stokes-model and estimate the
ninimm time for complete density segregation as a function of the pre-

vailing gravity level.

In gravitational or acceleration field, the spherical droplets will move

after the end of the dispersing action, with a velocity, v, given by
v = v [l-exp(-t/1)], 0]

where v, 1s the terminal velocity and T, 1is a characteristic time for
achieving the terminal velocity. The droplets will move either upward or
downward, depending on the density of the components. One may see from

Eq. (7) that the terminal velocity is achieved in a very short time when the
exponent becomes negligibly small (t >> <t,). Using Stokes Law [36], the
terminal velocity can be shown to be proportional to the gravity level, g,

with
v = 2t2(py - pp)9nms (2) and (8)

where Py is the density of the dispersed phase (which consists of spheres

with a radius ‘', and pp 1s the density of the matrix phase with a viscosity
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of Ny The characteristic time <1, 18 independen: of g and is given
by
. = 2rly./9n.. )
o Pg’/ 7Ny

For the oil and water emulsions used in this Skylab experiment, it can be
shown, with Eq. (9) and the data of Table 8, that 1, is always less than
0.4 second for droplets with r > 1.0 mm. This holds for both cases,
either the water or the o0il being the matrix. Thus, the liquid droplets
whose radii are less than 1 mm can always be assumed to be traveling at
their terminal velocity as given in Eq. (8). According to Eq. (8), the
larger droplets in an emulsion will move with a liigher terminal velocity
than the smaller droplets. This leads to collisions between the droplets
of different diameters and to a subsequent coalescence. In effect, the
larger spheres will sweep out and separate the two liquids in an expected

sepnaration of coalescence time Te given by
Te = Liv ' (1), (10)

where L 1is a characteristic length, smaller than the length of the vial,

and the prime indicates a v, corresponding to the radius of the larger
particles. 1In this model, we have assumed that coalescence occurs during

the time intervel it takes for the larger particles to have traveled a
distance of approximately the length of the vials. The calculated 1. are
minimum times needed for a complete separation of the fluids because not every
collision will result in coalescence [37]. Calculated values of <, for

a one-g field are given in Table 9 for different droplet radii for the

25 percent and 75 percent oil mixtures. The coalescence times for the 50

percent oil wixture (water matrix) will be approximately the same as for
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the 25 percent oil emulsion. The slight deviation is caused by different

values of the characteristic length.
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I TABLE 9
Calculated Minimum Coalescence Times for Water/0il Emulsions Formed in One-g g

Droplet Radius t,. (sec) for 1. (sec) for : :
() 352 o1 752 oil .o
0.027 1.7 “
0.042 2.6 ;
0.11 6.7 : :
0.17 10 M
0.30 19 ;
2.7 170
It can be seen from Table 9 that there is a diff=rence of nearly two orders :
of magnitude in t, for the same particle size, depending on which fluid
forms the matrix. Since the estimated segregation times are very short for
the 25 percent oil mixture, it was necessary to use the high-speed photography

to study the segregation process in one-g. The results of the high-speed

P

photography indicate that the oil droplets are cleared from the water matrix
(vial #1) ia 0.1 to 0.2 second and that the water droplets are cleared

from the oil matrix (vial #2) in about 10 seconds (see, for example, Fig. 23). A
Comparing the observed segregation times with the data in Table 9 indicates
that the mixing action generates particles with an average radius of 0.3 to

0.4 mm, wvhich 1s consistent with direct measurements of the radius. i

Using a characteristic particle radius of 0.4 mm, we can estimate the
minimum times needed to observe segregation in the Skylab experiment. An ,f

average acneleration level, during the time T.» can be defined as }

- Tc
g = [, s(t)de/r,. (11)
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c for various ; are given in Table 10.

TABLE 10

Estimated Minimum Coalefcence Time 1. for Various Acceleration Levels g
That Could be Experienced on Skylab

() 1,(25% oil) 1. (75% oil)

1073 2.8 min 2.9 hr
1074 28 min 29  hr
1077 4.7 hr 12 days

1076 47 hr 120 days

In Table 10, the coalescence or separation times estimated by a Stokes-
model show that 1. 1s very sensitive to 'g’ and to the matrix-forming
fluid. Estimates [38] of the prevailing 'g' on Skylab vary between 1073
and 10-4 g. Thus, a minimum coalescence time of less than 30 minutes is
expected for vial #1 and of less than 30 hours for vial #2. According to
these calculations, a separation of the two fluids should be observed at
least in vial #1 and to a lesser degree in vial #2. This, however, is not
the case, and, therefore, further refinements have to be made to the model.

In conclusion, the model does predict low coalescence rates in space, but these

are higher rates than are actually observed. To understand the phenomenon
of coalescence in low-g emulsions requires additional studies [39], such as
consideration of the vectorial variations of g, and the coalescence

efficiency of touching droplets.
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5. Conclusions

It has been demonstrated that stable dispersions of two immiscible
liquids which are unstable on exrth can be prepared in space. The amount
of coalescence observed over the period of several hours is smaller by a
factor of at least 3 x 10"'6 in low~g compared to one-g and could not be
observed photographically because of limitation in resolution. Theoretical
estimates, however, support the evidence that the rate of coalescence ig
small at the normally experienced gravity levels (1()'3 to 10—4 g) in space.
A simple Stokes model for the fluid segregation works well for the one-g
~ege, but requires further refurfeMents, such as the gravity dependence of

the coalescence rate, for the low-g case.
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IV. SKYLAB 3 SCIENCE DEMONSTRATION TV~11l: ICE MELTING*

1. Introduction

The low-gravity environment associated with Skylab has recently
provided extensive experimental results in the area of materials sciences [41].
These investigations consisted mainly of studying the returned materials that
were melted and then resolidified in low-gravity. The purpose of this
science demonstration (SD-16) was to visibly study the melting process in
space with the absence of convective heat transfer and compare it with the
same process on earth., The experiment was made possible by the request of
the Skylab 3 crew during their mission for additional scientific investiga-
tions [6]. This science demonstration |42) was designed to simulate the
essential aspects of the melting process in low-gravity as a representation
for the technique of containerless melting. The ice/water system was
selected because of the availability of the necessary materials on board, the
negligible impact on the mission, the ready availability of all significant
data, and the good visibility of the so0lid/liquid interface which represented
a "transparent furnace".

In this section, we will discuss the heat flow into a solid material
which 1is melted by an isotropic heat source. The integrated heat input
into such a system is experimentally available through the image of the
time-dependent solid/liquid interface of the melting ice. This melting
process, both on the ground and in a low-gravity environment, will be
analyzed in regard to the classical modes of heat transfer by radiationm,
conduction, and convection. It can be expected in low-g that the heat

input 1is strongly affected by the reduced mode of convective heat transfer.

* Co-Investigator: Dr. L. L. Lacy, MSFC

]

B T Y T R Y

pestp—

TR

ad



B e A Y 4 o A B L, i N £ B ST

U —

ok S R e e

S e SRR

Lo ' - i ' - okt
. ' o “‘.r' [
» e
E TN TRIR o * i S e T e . e R e 3 . .¥ R

2. Experimental Details

An ice cylinder was frozen Ly the crew on-board Skylab 3 by receiv-
ing instructions from the ground. A specified amount of water from the
drinking water dispenser wac injected in an empty plastic pill container
(30 mm dia. and 75 mm long) which had a wooden cotton swab inserted to
provide support for the ice. Astronaut Jack Lousma reported [42] that he
"shook the water to the point where it did not have any bubbles to speak
of in the solid mass." After freezing overnight in the on-board food
freezer [43], the ice and container were weighed in space and, from five
mass measurements, an average value of 49.4 + 0.2 g was given. After making
the necessary corrections for container and cotton swab, the mass of the
ice to be melted was found to be 39.7 + 0.2 grams (1.40 oz). With the
heat of fusion for ice being 79.8 cal/g, a total of 3,170 cal or an equva-
lent of 13,250 Wsec is needed for the complete melting process.

The ice, contained on a cotton swab, was mounted in the field of
view of a data acquisition camera so that the cylinder could melt freely
into a sphere of water as shown in Fig.28. Also visible were a portable
clock and a thermometer. The air velocity at the location of the experi~
ment was measured by the astronaut and was found to be negligible. The
air temperature at this location was read 23 78 °F (25.5 °C). These back-
ground data are summarized in Table 11.

The Skylab experiment was carefully duplicated in the laboratory
with regard to air temperature, atmospheric pressure (5 psia) and gas
composition (75Z 0,, 25Z Np). A partial view of the ground-control setup
in a bell jar is shown in Fig. 29. For the ground-control experiment, the
melt-water was collected in a measuring beaker. Volume readings (+ 0.1 cmd)

were made every 5 min, and thus an accurate value of the accumulative heat
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The experimental set-up for the

ground control ice melting.

Fizure 29,

The experimental set-up for the

Skylab ice melting.

Fipgure 28.
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TABLE 11. SUMMARY OF DATA FOR THE LOW-G ICE MELTING EXPERIMENT

Primary Skylab Data

Mass of ice with container and swab (g)
Inner diameter of plastic container (cm)
Alr temperature (°C)

Alr velocity (cm/s)

Total melting time (min)

Derived Data

Mass of ice (g)

Ice cylinder:
Volume (cm3)
Diameter (cm)
Length (cm)
Surface Area (cm?)
Density (g/cm3)

Water sphere:
Volume (cm3)
Surface Area (cmz)

Radius (cm)

49.

25.

190

39.

43.

71.

39.

56.

.518

.12

s

Mg ¢
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input into the ground-control ice cylinder was obtained. The first
derivative of this curve with respect to time gives the instantaneous

heat flow rate (dtotal)' Average values for the length and diameter

of the melting cylinder were obcained from the photographic record. Similar

curves were generated from the Skylab data.

3. Experimental Results

a. General Observations

The melting ice cylinder was intermittently photographed by - ue
astronauts 22 times with an approximate time interval of 10 min. Some
selected views are given in Fig. 30. Although the pictures are slightly
out of focus, the objectives of this investigation are com~ etely fulfilled
and the following details can be taken from the photograpns:

1. General appearance of the ice

2. Time-dependent shape of the wate'-ice globule

3. Time-dependent location of the water-ice intorface

4. Total melting time

A study of the returned film results in some of the iollowing observa-
tions:

l. The total melting time in zero-gravity for the specified ice cylinder
was 190 + 5 min. This duration is in accordance with voice transcripts from
the astronauts [42] which can ie correlated with the photographs. The total
melting time for an identical ice cylinder on ezrth is 130 + 2 min.

2. The cylindrical ends melt first, while the d.ameter of the ice
decreases slowly.

3. The water from the melting ends is driven by surface tension onto

the cylindrical surfaces.

l
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4, The overall shape goes from cylindrical to spherical with an
intermediate approximate ellipsoidal shape. A spherical shape of the water
ice globule is first evident at half of the total melt time when the water

completely surrounds the melting ice.

b. Dimensional Analysis

In order to obtain the temperature-dependent amount of melt -vater in
the low-g melting needed for heat flow consideration, the volume of the
remaining ice was calculated from the dimensions obtained from the photo-
graphs. A cylindrical shape of the ice could be reasonably taken during the
whole melting process. The photographic dimensions were tied to the real
dimensions of the system by our knowledge that the total amount of water in
spharical form was 39.7 em3, Corrections have been applied for the diameter
of the ice cylinder because of a distortion due to the lens effect of the
water globule and for the differences in specific volume between water and
ice. The measured length and diameter of the ice cylinder in zero-g, as a
function of melting time, are given in Fig.3l. Whereas, the total melting
may be defined as a condition existing for d = 0, the length approaches a
finite value as the diameter apprcaches zero. The same considerations apply
for melting in one-g. For the ground control case, the dimensions of the
cylinder are also plotted in Fig.31. In comparing the dimensions for the
low~g and one~g melting, a large difference in length and diameter is noted.
The length, in the low-g case, decreases faster with time when compared
with the one-g conditions; however, after 100 min, it reaches a finite value

determined by the diometer of the water globule.
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Using the data from Fig. 31, the time-dependent volume of water and
ice can be calculated for the melting ice. These volumes are given in
Fig. 32. The volume for the ground-control case, which was measured
directly, is also given in Fig. 32. Again, the end of the melting process
is determined by the condition d;., + 0. The astronauts' observation for
total melting agrees well with the extrapolation obtained from the experi-
mental data. It should be mentioned that the change in volume of ice or
water with time is a smooth non-linear curve for the ground experiment,
whereas, it is a linear function of time for the Skylab experiment (t > 70 min).
On the basis of these curves, the experimental total heat flow into the ice
will be derived and will be compared with theoretically expected values of

heat flow for both the low-g and one-g melting.

4. General Heat Flow Analysis

The transfer of energy (latent heat) arising from the temperature
difference between the melting ice and its surroundings can be achieved

by the following mechanisms:

Radiation
Conduction

Convection.

An experimental measure for the time dependence of the total heat flow is
the amount of melt water being generated. We will now theoretically calcu-
late the individual heat inputs into the ice cylinder and then compare the
sum of the individual contributions with the experimentally observed values.
We should thus be able to explain the progress of melting on ground and in

low-g. To simplify the calculations, the surface temperature of the melt



s o

TR ST - AT+ 4

78

water is assumed to be 0 °C. The impact of this simplification on the
experimental results will be discussed later.

We will, however, not consider minute convective currents, caused
by g-jitter [44] or surface tension driven convection [45] because the

obtained data is not sensitive enough to these effects.

a. Heat Transfer by Radiation

The ice is surrounded by air at the temperature of 25.5 °C [46] which
emits thermal radiation with the wave-length of ~ 10 um. The absorp-
tivity o of ice [47] for this wavelength is 0.95, indicating nearly com-
plete absorption of this infrared black-body radiation. The Stefan-
Boltzmann law can be applied for the calculation [48] of the radiative heat

flow Q from the surrounding (T2 = 298.5 K) to the ice (T3 = 273 K) as

where A refers to the area of the ice and o is the Stefan-Boltzmann

constant with the value of o = 5.67 x 1012 W cm2 deg'a. The quantity

oa\T 4. T 4 for the stated temperatures yields the value of
2 1

Q/A = 0.0128 W/cm2. (12b)

The surface area of the ice during melting is not constant but changes

as a function of time in Skylab as well as on the ground. The area A of
the ice cylinder at the start of the melting (t = 0) can be derived as
71.6 -n2. We have neglected the contribution of the gas bubbles and the

0.2 cm3) to the surface area since their

wooden swab (2 mm diameter; v
contributions tend to increase the surface area only slightly. After
complete melting of the ice on Skylak, a water sphere is formed with the
volume of 39.7 cm3, having a diameter of 4.24 cm and a surface area of

56.3 cmz. The complete melting causes a decrease in surface area of about
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22%. Evaporation losses over the three-hour period can be neglected
because it has been shown in the laboratory simulation that they are

less than 1.5% by volume.

With Eq.(12b), two heat flow rates by radiation can now easily be

calculated:
At the start of the melting process and, after 90 min melting on Skylab

when the melt water first showed a spherical appearance.

Q (t=0) = 0.919 Watt or 0.219 cal/sec

Q (" min) = 0.720 Watt or 0.172 cal/sec

The heat flow obtained for t=0 is also the same for the ground control
experiment. However, to calculate the flux at any other time, the changing

surface has to be considered.

b. Heat Transfer by Conduction

Energy is transferred to the ice by means of heat conduction from the
surrounding atmosghere (being :t 25.5 °C). For the magnitude of this
quantity, the thermal conductivity K of the conducting medium and the
temperature difference are of prime importance. Since gases are generally
poor heat conductors, it is expexted that this contribution will be small.

To exactly calculate the conductive heat flow, the differential equation

6 = - K grad U(r, T) (13a)

has to be solved for the cylinder. We will approximate the expected result

by calculating the heat flow into a sphere of ice, having the same volume

as the cylinder. Then Eq.(13a) transforms into the simple relationship.
Q = & Kry(Ty - Ty, (13b)

where r; = 2.18 cm is the radius for the equivalent ice sphere. Using
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the conductivity K for dry air or oxygen [47] as K = 2.59 x 10™% watt

1

eml deg™ ", then the following approximate conductive heat flow can be

calculated
Q(t=0) = 0.180 Watt or 0.042 cal/sec.

We see that the heat flow by conduction is only one-fifth of the heat i
flow by radiation. After 90 min in low-g melting, a sphere with r; = 2.13 cm

is formed and then the exact heat flow of
Q@ (t=90 min) = 0.176 Watt or  0.041 cal/sec
is generated.

c. Heat Transfer by Convection

The con tions for natural convection will apply since the air
surrounding the ice is not in a forced movement. Gravity causes the
heavier cold air to move along the outside ice and sets convective
currents i motion., The gravity field is the "pump" in this type of
convection and tha room temperature air supplies heat steadily to the
melting ice. On ground, accumulated melt water drops off and we may
assume it to have the temperature of 0 °C. Of dominant importance for
the exact treatment of natural convection are the dimensionless quantities,
like Grashof, Prandtl and Nusselt numbers. We will not calculate those
numbers directly for the experiment but rely instead on published data.

Generally, the Newton Ra.e Equation,
Q = hA(Tz - T9), (14)

can be applied to this problem where the convective heat transfer
coefficient h, which is a product of the above mentioned numbers, has to

be determined for the specific geometry. According to McAdams [49],
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the heat transfer value for cylinders is given approximately as
1/4
h = — (Tz -Tl) (15)
+\" ’

with £ being the length of the cylinder. A value of F = 5,1 x 10-4 watt
cm.”4 deg~5/4 has been used for the calculations, [49] accounting also
for a 10X% overall contribution of the end caps. With T; = 25.5 °c, the
value for h t2comes 7.3 x 107% Watt cm™2 deg'l and should be accurate

to within 5% [49].

The value of h can be put in Eq. (14) to yield:
6 (t=0) = 1.33 Watt or 0.321 cal/sec.

The convective heat input is by about 50% larger than the radiative contri-
bution.

In order for Eq. 15 to be applicable, it is essential that laminar
flow of air around the ice does exist. We have verified the laminar air
flow with laser interferometry of an orthorhombic piece of ice having a nearly
rectangular cross section. The orthorhombic structure had to be chosen to
achieve high temperature sensitivity by increasing the path-length of the
1ight along the ice. A detailed description of the set-up is published
elsewhere [50]. The interference pattern in Fig.33* represents isotterms
around the ice with one ring generated fcr every five degrees change in
temperature. The temperature difference in the experiment was about
21 °C. It is also demonstrated '+ Fig.33 that the temperature gradient
sustained in alr is very steep,. that one centimenter away from the

vertical surface of the ice room temperature conditions are already

* We would like to thank Dr. A. Martin of Athens College and Dr. R. L. Kurtz
of MSFC for supplying us with the photograph.
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Figure 33. Verification of laminar air flow around melting ice in
the ground control experiment, Temperature profile made
visible by laser interferometry,
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established. The interference pattern on the left side of the picture

is partially covered by a protruding piece of ice and by optical parallax.

d. Total Heat Transfer

Fig.34, calculated from Fig.32, contains the time-dependent accumu-
lative heat inputs for both the ground control and Skylab melting. Both
curves end when a total of 3.17 kcal has flowed into the ice, representing
complete melting. For rhe ground-based melting, the total theorctical heat

input at the beginning of the melting process would be
dtotal (t=0) = 0.582 cal/sec (Theory) é

This value compares with the experimentally obtained total heat flow from f

Fig.34 during the first 10 min of the ground-based melting

dtotal (t=0) = 0.610 cal/sec. (Experiment)

Although it will not be shown he.e, we have found [52] thai the theoretical
experimental values of the total heat flow agree to within 6% over the

entire melting duration. Therefore, it can be concluded from these calcu-
lations that for the ground-based melting, the total heat flow i3 achieved

by the following individual contributions:

convection (55%)
radiation (38%)

conduction ( 7%)

These findings are schematically illustrated in Figure 35.

An accurate record for the first 10 min of melting on Skylab is not
available. However, very good data of volumes are obtained for t > 50 min
up to the total melting time. According to Fig.24, a constant heat flow

of 0.203 ~.l/sec in the melting ice is observed for t > 60 min. This

L BB e, Py, . e = . s
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Figure 34. The accumulative heat input into melting ice on earth

and on Skylab.
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corresponds to the stage when spherical symmetry is achieved. We have
already theoretically derived the radiative heat flow at t = 90 min to

be 0.172 cal/sec. Adding to this value the expected conductive contri-

bution on Skylab with 0.041 cal/sec gives a subtotal value of 0.213 cal/sec.

This amount is comparable with the experimentally observed value, leaving
no room for a convective heat flow contribution. The Skylab data for
t > 60 min rule out the existence of any convective heat transfer.
Thus, it may be concluded that in low-g, the latent heat of melting
is supplied by
raliation  (81%)

conduction (19%)

as schematically illustrated in Fig. 35.

The first useful data from the Skylab record are obtained 40 min into
the melting. From Fig. 34, an average total heat flow of 0.480 cal/sec
for this time span is derived. This value is 0.220 cal/sec higher than
the maximum allowable heat input by conduction and radiation for t = 0
(0.261 cal/sec). An explanation for this discrepancy could be that the
handling of the ice by the astronaut (weighing, mounting) caused some ice

already to melt by body heat before the recording started.

e. Secondary Considerations

Certain simplifications have been applied during the coursz of the
computations for the thecretical hest input. The implications on the
resuits obtained will be discussed below,

In order to determine the radiative heat input 1i.:to the melting ice
on Skylab, a surface termperature of 0 °C of the melt water was assumed.

Thls assumption is probably only true for the first part of the melting
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process. A 2 °C rise of the surface temperature will affect the amount

of the radiative heat input by 7%. Such a 2 °C temperature differential
can b:o sustained over a water thickness of between 0.6 and 2 cm, depending
upon the geometry considered. Such a water thickness can only occur
during the latter stage- of the melting process (i.e., t > 60 minutes) and
even theun preferentially only at the equator,

A negative heat input into the water/ice system can be caused by I
evapc.ation losses of the melt water. Ground-based experiments at 1 °C
have been perfcormed which indicate that a maximum of 1.4 volume percent
of the water could have evaporated during the 3-hour period of the experi-
ment. This would account for a maximum negative heut flow of 0.025 cal/:
which is 10% of the total heat flow. Experimental data of evaporatioa
losses from a free water surface are given in Fig.36. 1If a uegati-e heat
input is added to the total theoretical lLat input, the theoretical results
could come closer to the experinental results.

The experimental results for the melt ag on Skylab can be explained
by disrzgarding any convective heat flow. However, a steady alr stream
with an average velocity of 2.5 cm/sec was maintained in the werkshop area
for circulation. The ice melting on Skyl~b was -.rfi rmed below water tank #2, ”
in an area selected by the astronauts for minimum ai: low. Tae air velocity
neasured was less than 0.5 cm/sec, the lowest meaningtul roading on the air
flow meter. We would like to consider the worst possible ‘asc of a flow
with this magrnitude. Because of the low heat condurcivity of air, the
temperature gradient close o the surface is In the order ot 50 “C/em.  We 1
assume a convective h-at input of streaminz air moving along the ic. with a
velocity of 0.5 cm/sec and a thickness of 1 cm. This worst case analysis
indicates that the air stream will «sntribute au energy of ao more than .

0.021 cal/sec or 7! of the total enerpy requircd for meltl o,
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In summary, if one considers all secondary effects, it is found
that some tend to cancel out, and in the wecrst case, the secondary effects
will not exceed 102 of the total heat input. Thus, according to the
results given in Table 12, the theory and experiment agree to within the
experimental accuracy.
TABLE 12

COMPARISON OF THEORETICAL AND EXPERIMENTAL HEAT
FLOW (CAL/SEC) INTO THE ICE AT t=60 MIN

ONE-G LOW-~G
THEORY

Radiation: 0.16 0.17
Conduction: 0.04 0.04
Convection: 0.24 =
TOTAL 0.44 0.21

EXPERIMENT
TOTAL 0.46 0.20

5. Conclusions and Recommendations

The returned photographic data from Skylab illustrate the importance
of surface tension for low-g containerless melting. We have used the
image of the solid/liquid interface of a melting ice cylinder to deter-
mine the thermodynamic heat transfer under low-gravity conditions. It
can be concluded that the melting of ice on Skylab occurred without the
mode of convective heat transfer, Whereas, on earth, the convective heat
flow is dominant, in low-g, the latent heat of melting is mostly supplied
by black-body radiation and, to only a small degree,by conduction.

Although the photographic images of the solid/liquid interface are

slightly blurred by technical error, the resulting thermodynamic data are
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accurate enough to completely account for all the modes of latent heat
input and to study the dominant importance of surface tension in low-g
melting. Since direct observations of the liquid/solid interface allows
for an accurate determination of the morphological and thermodynamic
states in low-g melting, it is recommended that additional investigations

be performed using direct observations to study low-g solidif? :ation.
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V. APPRAISAL
1. Summary

It has been shown with this investigation that a homogeneous dis-
persion of immiscible alloys in bulk form can be prepared in a drop tower
experiment. The physical properties of the alloys obtained were correlated
with the wicrostructure. Especially, the electrical properties of Ga-Bi
alloys were shown to be modified by the presence of a fine :allium dis-
persion so that a peak in the resistivity occurs. The resistivity peak
is associated with a reduction in the carrier concentration and causes semi-
conducting properties in a temperature region above 100 K. From the experi-
mental data obtained, we can predict the behavior of a hypothetical alloy
with 0.1 um particle size, which should have a small semiconducting energy
gap of about 10 eV. A clear correlation of the controlling factors for the
particle size could not be revealed but it is anticipafed that this quantity

is controlled by the cooling rate.

The bahavior of two immiscible liquids of different densities was
illusrrated in a Skylab Science Demonstration. The experiment indicated
that dispersions were stable over a period of 10 hours and that the coales-
cence rate was at least 3 x 10° times smaller on Skylab than on earth. The
recorded melting of a cylindrical piece of ice could be used to study the
mode of heat transfer for containerless melting in low-gravity. The con-
vective heat transfer was essentially eliminated on Skylab. Both experi-
ments indicated that residual spacecraft acceleration tended to cancel out

so as to glve better results than preaicted by first order theory.
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